Record heavy PM 2.5 air pollution (maximum concentration of ~1 mg m −3
Introduction
Record heavy PM 2.5 air pollution was observed over a wide area of China in January 2013. The maximum concentration of PM 2.5 in Beijing city reached 996 µg m −3
. Hence, heavy PM 2.5 pollution in China has become a critical environmental problem for daily life, human health, regional/international traffic, and trans-boundary PM 2.5 transport to other countries. Observational studies of the PM 2.5 pollution in China were reported by Zhang et al. (2014) , Sun et al. (2014) , Wang et al. (2014) and Yonemochi et al. (2013) . However, most of the observational studies were based on ground-based chemical composition observations. Recently, Shimadera et al. (2014) and Uno et al. (2013) used chemical transport modeling results for this PM 2.5 episode to explore how meteorological conditions (weak wind and stable atmosphere) affect the generation of this extremely high PM 2.5 concentration. The vertical and horizontal scales of pollution layers are critically important parameters for the analysis of pollution phenomena, but they are difficult to measure. One reason for this is that the PM 2.5 aerosol concentration is so high that ordinary remote sensing methods such as ground-based and space-borne lidar inversion become difficult to apply due to the strong decay of the lidar signal.
We showed the detailed time-height structure of aerosol extinction coefficients using Beijing lidar observation by assuming a non-zero boundary extinction coefficient and a 3D chemical transport modeling (CTM) . We also successfully revealed the detailed structure of a shallow aerosol layer over Beijing by lidar and the horizontal dimension over the China Plain by CALIOP observations and CTM.
Methods

Ground-based and space-borne CALIOP Lidar
Asian Dust and aerosol lidar observation networks (AD-Net) (Sugimoto et al. 2008 ) measure both anthropogenic and natural aerosols continuously. This network provides the vertical profiles of aerosol backscattering at 532/1064 nm and the depolarization ratio at 532 nm with high spatial and temporal resolution. The automated AD-Net lidar retrieval method (Shimizu et al. 2010 ) uses the Fernald method (Fernald et al. 1984) by assuming the lidar ratio = 50 sr and top boundary condition at z = 6 km. In this study, the extinction coefficient profiles were derived using the backward Klett's method with a non-zero boundary condition because the aerosol density was extremely high (Klett 1981; Sugimoto et al. 2003) . We measured the boundary condition at a height of 1.2 km and estimated the extinction coefficient boundary value from the slopes of the range-corrected signal at a height of 300−600 m for each profile. The given boundary value was probably larger than the true extinction coefficient at 1.2 km. However, the derived profile would quickly converge to the true profile at lower heights. Data below 60 m were not used because the accuracy of the geometrical form factor correction was not sufficient.
The space-borne two-wavelength, polarization-sensitive backscatter Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) onboard CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) provides continuous global measurements of aerosol and cloud vertical distribution with high spatial resolution (Winker et al. 2007 ). In the CALIPSO Level 2 product, the high extinction coefficient layer in the lower altitude is frequently classified as cloud. However, ground-based PM 2.5 observations revealed the presence of a dense aerosol layer near the surface. We therefore applied the backward inversion method with non-zero boundary extinction coefficient values near the surface to the CALIPSO Level 1B data. In the inversion step, we adjusted the boundary value iteratively so that the slope of the obtained profile near the boundary height was reasonably small. Because the profile converged faster for larger boundary values, we set a large extinction coefficient boundary value of 10 km −1 just above the ground surface in the first step. If the averaged extinction coefficient of the derived profile in the layer from the surface to 150 m height was smaller than 0.9 of the given boundary value, we repeated the calculation with a boundary value of 0.9 times the previous value until convergence was achieved. When clouds appear in the profile, we need to consider the effect of multiple scattering. However, when dense aerosol is misclassified as cloud, this method can be used to derive an extinction coefficient.
Chemical transport model
We used the GEOS-Chem 3-D chemical transport model (version 09-01-01) (Bey et al. 2001; Park et al. 2004) 532 nm (the time interval is 15 min, and the vertical scale is every 6 m up to a height of 900 m). The extinction coefficient profile up to 900 m was used to calculate the AOD in this work. The extinction coefficient below 60 m was replaced with that at 66 m. As indicated in Fig. 1b , two precipitation events were observed. The extinction coefficient increased in the elevated layers because of the echo from the clouds (we did not remove the cloud and precipitation during the inversion step, and the strong depolarization signal that appeared on January 20 was due to precipitation). However, during these periods, the aerosol concentration was low and did not have a marked impact on our analysis.
During the high-concentration period, the ASH reached heights as low as 200−300 m, and the extinction coefficient ranged from 6−8 km −1
. The volume depolarization ratio during the high extinction coefficient episodes was not high, indicating that Asian dust was not the cause of the high extinction coefficient during the dense PM 2.5 episodes. Figure 3a shows the model simulated aerosol extinction coefficient and potential temperature. The model results were in close agreement with the lidar retrieval for the timing of high concentration events, even though the extinction coefficient was underestimated, with the exception of on January 30. The model aerosol extinction had a large value on January 30. The chemical conversion from SO 2 to sulfate was excessive because of the very humid conditions (RH > 90% and low precipitation). A similar over-estimation was reported by Simadera et al. (2014) .
During the high-concentration events (i.e., Cases A and B), the atmospheric condition was stable, and both the potential temperature and PM 2.5 concentration had a strong vertical gradient. This indicated that the air pollutants were trapped near the surface as a result of strong stratification.
The PM 2.5 aerosols had Mie-scattering characteristics and were strongly correlated with the extinction coefficient retrieved by lidar. Liu et al. (2013) developed a conversion equation from PM 2.5 concentration to aerosol extinction coefficient. Figure 3b compares the b ext _PM (extinction coefficient converted from PM 2.5 observation; the figure shows cases for RH = 0% and the observed RH cases) and b ext _lidar (by lidar height at the 96 m level). The time variation in b ext _PM and b ext _lidar were in close agreement. The agreement was significantly improved when the RH correction was applied. The magnitude of RH correction was larger during the high-concentration period. This close agreement indicates that the retrieval method based on the Klett's inversion was reasonable.
The extinction coefficient by the GEOS-Chem model (b ext _ GC; value at the first vertical layer; z = 130 m) is also shown in Fig. 3b . The magnitude of the b ext _GC is approximately half of b ext _lidar, but its time variation was in close agreement. It is obvious that b ext _GC was significantly underestimated when b ext _PM was extremely high (i.e., on Jan. 12). Lidar measurement from January 12−13 revealed a strong vertical gradient, and the 12-h Office (GMAO) for the year 2013. The model has a horizontal resolution of 2° × 2.5° for a global run and 0.5° × 0.667° for Asian one-way nesting runs (70°E−150°E, 11°S−55°N), both with 47 vertical levels from the surface to 0.01 hPa. The lowest model layer thickness was about 130 m. We used the anthropogenic emissions of EDGAR for the global domain and REAS Ver. 2.1 for the East Asia domain, as estimated by Kurokawa et al. (2013) . Open biomass burning emission was estimated by GFED2 (Global Fire Emissions Database Version 2 inventory) (van der Werf et al. 2009 ). The NH 3 emission of REAS was modified to include the seasonal variation based on the recommendations by Huang et al. (2012) for Asia. The aerosol extinction coefficient was calculated using Malm's method (Malm et al. 1994 ) based on the model-calculated aerosol concentration and RH. Figure 1a shows the surface air temperature, relative humidity, and weather conditions (snowy and precipitation events) at Beijing airport. Figure 1b shows the PM 2.5 concentration observed at the US Embassy in Beijing and the aerosol scale height (ASH), defined as the height at which the aerosol optical depth (AOD) from the ground to the height reached (1 − 1/e) of the total AOD (Hayasaka et al. 2007 ). Here, the ASH is calculated by lidar measurement (ASH less than 450 m is shown in the figure) .
Results and discussion
PM 2.5 observation and atmospheric conditions
The maximum daily averaged PM 2.5 concentration (659 µg m −3
based on UTC) occurred on January 12. The daily averaged concentration exceeded 400 µg m −3 on January 10, 12, 18, 22, 28, and 29. Of these high-concentration days, two were classified as long-lasting episodes: January 10−13 (Case A), when the temperature exhibited a clear daily cycle, and the RH was less than 90%; and January 26−30 (Case B), when the temperature remained approximately −3°C, and the RH exceeded 95% with low precipitation. The observed characteristics of PM 2.5 time variation shown in Figure 1b revealed rapid up/down variation within a short time range. This can be understood as the combination of atmospheric stability change and rapid regional transport from outside Beijing (e.g., Sun et al. 2014 ).
Ground-based Lidar-Vertical profiles
Figures 2a, b shows the time−height indications of the aerosol extinction coefficient and the volume depolarization ratio at averaged ASH (averaged over 6−18 UTC of Jan. 12) was only 184 m. One reason for this model underestimation was that the vertical resolution of the model near the surface was insufficient (the model resolution was 130 m) to represent such a sharp gradient. Hence, the strong atmospheric stratification was not reproduced, and the aerosol concentration was too diluted and the vertical concentration gradient decreased to represent the observed ASH variation. Uno et al. (2013) also compared the PM 2.5 mass concentration, and showed that the modeled PM 2.5 was under-estimated, which was consistent with the extinction comparison.
CALIOP retrieval
The CALIOP lidar provided vertical curtain-like information on aerosols and clouds below the CALIPSO orbit path. In the NASA standard Level 2 product, the aerosol extinction coefficient was calculated from the observed attenuated backscatter coefficient after discrimination of the aerosol and cloud layers. However, if there was a dense aerosol layer aloft, it was difficult to discriminate between the aerosols and clouds, and dense aerosols could be classified as cloud and therefore not analyzed correctly (e.g., Vaughan et al. 2009 ). Here, we show both the NASA/Level 2 product and the backward integration method with a non-zero boundary condition for the daytime CALIPSO orbit passing over the central part of the China Plain on January 13 and 29. The nighttime orbit path did not pass over the main part of the China Plain. Figure 4 shows the horizontal distribution of the simulated AOD and CALIPSO paths for January 13 and 29. The modeled AOD revealed a thick aerosol layer (AOD > 2) covering a wide area of the China Plain from Shanghai to Beijing, and the CALIP-SO path passed over the central part of these aerosol layers. For reference, we also show the AOD from the deep-blue MODIS retrieval (Hsu et al. 2006) for January 13 in the inset of Fig. 4a . We could not obtain a reasonable AOD measurement for January 29 because of cloudy weather. From Fig. 4 , the horizontally heavy polluted area (defined by AOD > 1) formed a stretched oval shape; the east-west dimension was 700−1000 km, and the north-south dimension was 300−400 km, covering the north China Plain. Figure 5 shows (a) the extinction coefficient from the NASA Level 2 product (the gray-shaded area shows the layer classified as cloud) and RH (contour), and (b) the modeled extinction coefficient (color) with a potential temperature (contour). Figure 6 shows the extinction coefficient derived from the CALIPSO Level 1B data with the backward inversion method. In NASA's CALIPSO Level 2 retrieval (e.g., Vaughan et al. 2009 ), cloud and aerosol types are classified using the backscattering color ratio, depolarization ratio, and other parameters. The lidar ratios for the layers are also given. Then the extinction coefficient is retrieved with the forward inversion method from above ). Comparing Figs. 5 and 6, dense aerosols are misclassified as cloud where the model calculation indicates the existence of a dense aerosol layer in Fig. 5 . In the Level 2 retrieval, even if dense aerosols were classified correctly, errors in the inversion result increased at lower altitudes. The backward inversion method used in the present paper has an advantage for deriving the extinction coefficient of aerosols accurately at lower heights. This method, however, is applicable only in cases of high aerosol density.
In Fig. 6 , cloud top structures can be seen in the profiles enclosed within the pink boxes at heights around 500−700 m. For these profiles the extinction coefficient below the cloud might be not reliable if the cloud is subjected to strong multiple scattering. The effect of multiple scattering is dependent on the optical and spatial thickness, and the height of the cloud. For an optically thin cloud, the signals below the cloud may still be useful for inverting aerosol profiles under the cloud. Even in this situation, the stretching of the laser pulse due to multiple scattering may blur the aerosol profiles, and the tail of the multiple-scattering signal may cause an underestimation of the aerosol extinction coefficient in the inversion. On the other hand, if the cloud is optically thick and the laser pulse does not penetrate the cloud, the signal has a decreasing multiple-scattering tail. The profile derived using the inversion method described in Section 2.2 reveals a simple decrease of the extinction coefficient under the cloud. If the derived extinction coefficient profile reveals some structure near the ground surface, it is likely that the laser pulse would penetrate though the cloud and detect aerosol layers under clouds. However, the extinction coefficient might be underestimated due to multiple scattering. It should consequently be noted that the low extinction coefficient areas below the clouds in Fig. 6 are not real. The aerosol layers near the surface (as shown in the black box in Fig. 6 ) have some structure, and this can be considered to be real, but the extinction coefficient might be underestimated when clouds are present.
It is clear, at least from the profiles without clouds, that the height of the dense aerosol layer measured by CALIOP was less than 600 m (similar to that observed with the ground-based lidar) and the densely polluted layer height was 200−300 m as indicated by the black box in Fig. 6 . This vertical scale coincides with Beijing ground-based lidar. The latitude of the horizontal dimension also ranged from 36° to 39°N (~300 km). The heavy pollution was accurately retrieved and showed close agreement with the model and deep-blue AOD measurement. The heavy pollution dimension detected by the CALIPSO path corresponded closely to the simulated south-north dimension of the polluted area, as shown in Fig. 4 .
It is important to note that the simulated and observed aerosol layers were closely correlated with the shape of the potential temperature. Most of the dense aerosol is located within the cold potential temperature area, where the vertical atmospheric stability is strong and is capped by the sharp temperature inversion layer. The distributions of aerosol extinction coefficient and potential temperature on January 13 (Case A) and 29 (Case B) had similar shapes. The heavy aerosol episodes of Cases A and B continued for 5 days. This finding indicates that the long lasting unusual meteorological conditions (i.e., strongly stable atmospheric conditions) played a key role in this record heavy PM 2.5 aerosol pollution in China. This dense aerosol layer over China can therefore be understood as the product of strong stagnant air and the distribution of strong emission sources.
Conclusions
The vertical and horizontal scales of the record heavy PM 2.5 aerosol pollution that occurred in January 2013 were clarified by Beijing ground-base and CALIOP space-borne lidar observations. We obtained a detailed time-height structure of the aerosol extinction coefficient based on Mie lidar observations by assuming a non-zero boundary extinction coefficient value and using 3D chemical transport modeling (CTM). We clarified using the ground-based lidar that the shallow aerosol layer (height of 200−300 m) was retained for a long time over Beijing, and its horizontal dimension over the China Plain had an extent of several hundred km according to CALIOP and CTM. These two points are our original contributions to the analysis of this record heavy PM 2.5 pollution that was not clarified previously. The inversion method used in this study has the potential to retrieve the structure of heavily polluted aerosol layers in situations where ordinary retrieval methods cannot be applied.
